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Termites possess a mighty social immune system, serving as one of the key obstacles to controlling them biologically. However, the dynamic mechanism coordinating the social immunologic defense and caste distribution of the termites remains elusive. This study used the Coptotermes formosanus Shiraki and an entomopathogenic fungus as a host–pathogen system and experimentally manipulated a series of groups with different caste compositions of workers and soldiers. Then, the impact of demography on the behavior and innate immunity of termites was explored by analyzing the fungus susceptibility of the respective caste, efficiencies, and caste preferences of sanitary care, as well as the expression of the immune genes and phenoloxidase activity. Overall, to ensure the general health and survival of a group, the infected workers were found to sacrifice their survivorship for maintaining the soldier proportion of the group. If soldier proportion was limited within a threshold, both the survivorship of the workers and soldiers were not significantly affected by the infection. Correspondingly, the infected group with a higher proportion of soldiers stimulated the higher efficiency of a non-caste-biased sanitary care of the workers to the nestmate workers and soldiers. Moreover, the innate immunities of the infected workers were found to be more intensely upregulated in the group with higher soldier proportions. This suggested that the adjustable non-caste-biased sanitary care and innate immunity of the workers would contribute to the flexibility of the worker–soldier caste ratio in C. formosanus. This study, therefore, enhanced our understanding of the functional adaptation mechanism between pathogen-driven social immunity and the demography of the termites.
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INTRODUCTION
Termites are a type of social insect whose caste is precisely determined by the demographic division of labor with respect to the morphological, physiological, and behavioral characteristics of the colonies (Robson and Traniello, 2016; He et al., 2018). The subterranean termites (Rhinotermitidae) live in microbe-rich environments, and caste distribution serves as the adaptative mechanism for the survival of termites, not only improving the coordination of social immunity but also promoting individual fitness (Rosengaus and Traniello, 2001; Gao and Thompson, 2015). Disease-related selection pressures might influence the caste distribution function for enhancing the colony fitness and have remained relatively unexplored in termites (Rosengaus and Traniello, 2001). Studying the relationship between social immunity and caste distribution is highly significant for clarifying the mechanism of demographic division of labor driven by the disease in termites.
The social immune system of termites generally comprises interconnected strategies of the innate community at the individual level and behavioral defenses at the group level (Cremer, 2019). At the group level, termites demonstrate behavioral immunity mainly through the sanitary behaviors like the grooming, the burying/eating corpses of the workers, antibacterial exocrine oral secretions, carrying/attacking sick nestmates, or the external defense functions of the soldiers (Sobotník et al., 2010; Kaji et al., 2016; Cremer et al., 2018; He et al., 2018). Grooming behavior is particularly important in sanitary care as it can externally remove the pathogens from the cuticles and protects the termite from disease during the early stages of infection (Rosengaus et al., 1998; Rosengaus et al., 2000; Yanagawa and Shimizu, 2007; Chouvenc and Su, 2010; Yanagawa et al., 2011; Liu et al., 2019a). The healthy workers could identify infected termites and actively perform grooming behavior. The worker termites exposed to pathogens could mutually groom each other (Yanagawa et al., 2009, 2010, 2011; Bulmer et al., 2019). The individual immunity of the worker termites, mainly referred to as innate immunity, is endowed with a conserved insect immune system: several pathogen recognition genes like gnbp (Bulmer and Crozier, 2005; Bulmer et al., 2009) and a variety of antimicrobial peptides, like termicin, defensin-like peptides, spinigerin, and lysozymes have been found in the worker termites (Lamberty et al., 2001; Lee et al., 2003; Matsuura et al., 2007; Rosengaus et al., 2007; Hamilton and Bulmer, 2012; Zeng et al., 2016). Moreover, the pathogens can be embedded by the phenoloxidase cascade reaction-mediated melanization in the workers (Chouvenc et al., 2009a). However, the innate immunity of the soldiers was mainly found to be weak, and the mandibular morphology impeded the implementation of sanitary behaviors from being implemented. As a result, the soldiers failed to resist the pathogen invasion on their own (He et al., 2018). Meanwhile, the ability of the termite colony to defend itself relies not only on the number of workers. For instance, the survivorship of Zootermopsis angusticolis Hagen nymphs was found to be higher when exposed to the disease in small groups compared to those isolated (Rosengaus and Traniello, 2001). The soldier–worker mixed-caste groups of Nasutitermes spp. could resist the M. anisopliae infection better than the mono-caste groups of either caste (Rath and Andrew, 2000). The social context lies in significantly affecting the susceptibility and immune gene expressional response of the groups of termites to the pathogenic fungi (Qi et al., 2012; Gao and Thompson, 2015; Liu et al., 2019a). The immunity-associated behavior of the group as well as the individual innate immunity of termites are not demarcated but form a network structure that helps in defending against the pathogens (Stroeymeyt et al., 2018; Liu et al., 2019b). The ratio of worker to soldier in the termite colony is flexible inthe natural environment, where the soldiers constitute 5–20% of a typical insect colony (He et al., 2018). However, the behavior and innate immunity of the worker termites responsible for the formation of the new fortification that resists the pathogenic microorganism infection in the case of the changing ratio of workers to soldiers in a colony is very little known.
This study involved the wood-feeding subterranean termite Coptotermes formosanus Shiraki, which is a globally distributed economic pest (Blumenfeld et al., 2021). These termites are endowed with a unique and social immune defense system that strongly limits their biological control (Bulmer et al., 2009; Chouvenc and Su, 2010). Studies on the immune mechanism of C. formosanus have been so far focused mainly on the effect of population size as well as the grooming behavior of the workers on the survival rate, identification of pathogenic fungi of termites (Yanagawa and Shimizu, 2007; Yanagawa et al., 2011; Yanagawa et al., 2008; Yanagawa et al., 2009; Yanagawa et al., 2010; Husseneder, 2010), and the expression of the defensive genes in response to the pathogen infection (Hussain et al., 2013; Mitaka et al., 2017a). The entomopathogenic fungus Metarhizium anisopliae Sorokin (MA) is a widely used agent for biologically controlling pests and is ideally used for experimentally studying the immunity of social insects (Liu et al., 2015). Here, the C. formosanus and the M. anisopliae were used as a host–pathogen system and a series of groups with different caste compositions of workers and soldiers were experimentally manipulated. First, the survivorships of the respective caste in each worker–solider composition were analyzed. Based on the results of the survival assay, the increase in the soldier proportion was hypothesized for encouraging the efficiency of sanitary care and the innate immune level of the workers. This suggested that the group survival of termites is not significantly affected by a certain range of variation in the caste ratio. Therefore, the number of epidermal conidia was observed and counted for assessing the efficiencies and caste preferences of the sanitary behavior of workers. Then, the innate immune levels (immune enzyme activity and immune gene expression of workers) were analyzed for exploring the impact of the caste ratio (worker/soldier) in coordinating the behavior and innate immunity of the termites. This study enhanced our understanding of the functional adaptation mechanism between the social immunity and demography distribution of termites and enriched us with the theoretical data for developing new control methods in the future based on the immune mechanisms of termites.
MATERIALS AND METHODS
Termite Collection and Maintenance
This study collected three colonies of the subterranean termite C. formosanus from the Dafu Mountain Forest Park of Guangzhou, China. These colonies were maintained in three plastic boxes (30 cm × 25 cm × 20 cm) and fed wet pinewood, respectively. The plastic boxes were placed in the artificial climate incubator (Jiangyunguangdian PRX-900, Beijing, China), rearing the termites in complete darkness, and at a temperature of 27 ± 1°C, and 70 ± 5% relative humidity (RH).
Preparation of the Fungal Conidial Suspensions
This study selected one entomopathogenic fungus, M. anisopliae (strain GDM 3.528, from Guangdong Microbial Culture Collection Center, China) which was cultivated on potato dextrose agar (PDA, HuanKai Microbial, Guangzhou, China) at 25 ± 1°C for approximately 10 days. Then, the conidia were harvested by washing each plate with a sterile 0.1% Tween-80 solution (TW 80) and stored at 4°C for no more than 10 days before using for infectivity trials. The number of conidia was then counted using a Thoma hemocytometer (SAIL BRAND, Yancheng, China) and diluted to the required concentration using 0.1% Tween-80.
Survival Assay
The survival assay established the range of caste ratios across the groups of infected and control termites. The caste composition of the worker/soldier was experimentally manipulated using a fixed group size (n = 20) to: 18:2, 16:4, 14:6, 12:8, 10:10, and 0:20. In relevant studies (unpublished data), a small population of C. formosanus (n ≤ 30), infected with MA conidia at a concentration of approximately 3 × 107 conidia/ml was found to well distribute the mortality curve of the C. formosanus group within a week (avoid termite death too fast or pathogenic efficiency too low). The workers and soldiers from each group were inoculated with the conidia by submerging them into the conidial suspension (3 × 107 conidia/ml) of M. anisopliae separately within a microcentrifuge tube, with gentle swirling for 5 s, and then dried on a filter paper (Hussain et al., 2013). The control groups were established using sterile 0.1% TW 80 following a similar procedure. The infected and control groups were reared separately in 3.5 cm diameter Petri dishes using a moist filter paper for 7 days (maintained at 27 ± 1°C, 70 ± 5% RH in darkness). The survivorship of each group was monitored daily for 7 days and the dead termites were removed after data recording. For the survival assay, nine biological replicates were considered per group. The number of noninfectious lethal individuals in the infected groups was corrected by subtracting the number of dead termites in the control group.
Expression of Immune Genes
The infection method was similar to that described in the survival analysis. The transcription amount of the antimicrobial peptides termicin (tem) and lysozyme (lys) were quantified. These peptides have been previously implicated in defending termites and insects in general against the pathogenic fungi through conserved immune pathways (Hamilton and Bulmer, 2012; Hussain et al., 2013). The survival analysis indicated the survivorships of the workers among the groups 18:2, 16:4, and 14:6 to be not significantly different. The innate immune response of the termites caused by fungal penetration through the epidermis into the hemocoel mainly occurs between 36 and 96 h postinfection (Chouvenc et al., 2009a). Thus, the workers from these three groups were selected for assessing the degree of innate immune response on the 3rd and 4th day postinfection. The total RNA was extracted from 10 workers collected from the three replicates of each infected and control group using a Total RNA Kit II R6934 (Omega, Guangzhou, China). Equal quantities of RNA (1.0 µg) were used as a template for generating cDNA using the EasyScript® One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen, Beijing, China). The quantitative real-time PCR (qPCR) was performed using the TransStart® Green qPCR SuperMix (TransGen, Beijing, China) according to the manufacturer’s instructions. The control group was used as a calibrator for calculating the amount of relative expression. The relative expression levels for the specific genes, relative to the reference gene GADPH (Gao et al., 2012), were calculated using the 2−ΔΔCT method (Livak and Schmittgen, 2001). Three biological replicates were considered for each group and all the primers are detailed in Table 1.
TABLE 1 | The primers were used for quantitative real-time PCR. tem, lys, and GADPH symbolize the genes of termicin, lysozyme, and glyceraldehyde-3-phosphate dehydrogenase (reference gene), respectively.
[image: Table 1]The Phenoloxidase Activity Assay
Corresponding to the gene expression assay, the workers were sampled on 3 and 4 d after treatment with M. anisopliae and TW 80, using the same grouping and infection method. The Phenoloxidase activity was determined using the Tyrosinase Activity Detection Kit (Solarbio, Beijing, China) according to the manual instructions with minor modifications. Ten termites were collected from three replicates of each infected and control group, immobilized on ice, and dissected into two parts: salivary gland/foregut (FS) + midgut(M) and epicuticle (C, including fat body and hemolymph). The dissected tissues were treated with the extraction buffer of the kit, homogenized by a frozen steel ball homogenizer (Scientz-48L, Suzhou, China), and then centrifuged at 4°C for 10 min. The supernatants were used as the crude extracts. The reaction mixtures comprised 20 µl of crude extract and 100 µl of Kit L-DOPA solution and were incubated at 30°C. The value of light absorption was measured every 30 min and lasted for 2 h at 490 nm on a microplate reader (Perkin Elmer, Waltham, MA, United States). To calculate the enzyme activity, the value of the largest change of light absorption was assessed at a 30 min reaction interval. One unit (U/mg protein) of phenoloxidase activity was defined as the amount of enzyme capable of catalyzing the formation of 1 nmol DOPA pigment per mg tissue protein per minute. The concentrations of protein were determined using the Bradford Protein Assay kit (Beyotime, Shanghai, China). There were three biological replicates for each group.
Detection of the Conidia on the Termite Epicuticle
Sanitary care is an effective behavioral adaptation of the workers for removing conidia from the epicuticle of the nestmate termites. The efficiency and caste preference of sanitary behavior were assessed in the manipulated small groups comprising only infected termites (worker and soldier) or a mixture of uninoculated (worker) and infected termites (worker and soldier). The uninfected workers were considered for analyzing whether the uninfected worker possessed a hygienic preference between the infected soldiers and workers. The caste compositions of the infected worker/infected soldier (A): 2:0, 2:1, 2:2, 2:4, 0:2; infected worker/uninfected worker/infected soldier/: 1:1:2, 1:1:4 (B) were experimentally manipulated. The number on the scale represented the number of termites in the experiment. To meet the requirements of microscopic counting, the spores should have good dispersion and should not overlap after adhesion to the termite epidermis. The conidial suspension was diluted to a concentration of 2 × 105 conidia/ml. The conidia on the epicuticles were detected by surface-labeling the conidia of M. anisopliae by adding 100 µl 18909 Calcoflour White Stain (Calcofluor White M2R 1 g/L and Evans blue 0.5 g/L, Sigma-Aldrich, United States) per milliliter of the conidial suspension. Before infection, the termites were placed on ice for 3 min ensuring that the termites are in a state of coma so that they do not swallow the fluorescent conidial fluid. Then, the termites were infected with the Calcoflour White-labeled conidial suspensions as described in the survival assay, and chilled at 4°C for 20 min to prevent immediate grooming, and washed once in TW 80 to remove the nonattached conidia. The uninfected workers were labeled a small dot at the end of the dorsal epicuticle with a red marker pen and chilled at 4°C for 20 min. The infected and the uninfected termites were grouped and reared separately in a 24-well microtiter plate containing a filter paper disc soaked in distilled water at 27 ± 1°C, 70 ± 5% RH in darkness. The preliminary experiment results showed that under the aforementioned experimental conditions, the experimental worker and soldier termites took no more than 8 h to completely clean the conidia on their dorsal epicuticle. Thus, the termites were sampled from each group 0 and 4 h postinfection and stored at −20 °C for later observations. The termites were examined under a fluorescent microscope (EVOS FL Auto, Life Technologies, United States) at ×200. A total of five defined dorsal epicuticle sites of each termite (head, thorax, 2nd, 4th, and 6th of abdominal segments) surface were examined for attaching the conidia (Yanagawa and Shimizu, 2007). There were 18 replicates for each group.
Statistical Analyses
All the data were statistically analyzed using the SPSS 19.0 (SPSS Inc., Chicago, IL, United States) software. The survival assay was calculated with a log-rank test (Mantel—Cox) for multiple testing (p < 0.05). The events with a survival time of less than or equal to 7 days were defined as 1, while events with a survival time of more than 7 days belonged to right censoring data and were defined as 0. The differences in the mortality rate between the two groups were analyzed using the independent Mann–Whitney u-test (p < 0.05). The data of the total number of epicuticle conidia, immune gene expression, and phenoloxidase activity among the groups were analyzed using the one-way ANOVAs, LSD (p < 0.05). The data were represented as the mean and standard error of the mean (SEM).
RESULTS
Survival Assay
Within 7 days, the average survival rate of each mixed-caste composition treated with TW 80 (control) was more than 95%, which met the control group. The survivorship of each control treatment was not significantly affected by the caste ratio set in the experiment (Supplementary Figure S1). The number of deaths in each control group was used for correcting the number of noninfectious deaths. In the case of the fixed group size (size = 20), the survival curves of the infected workers in each group were close to each other (p > 0.05) when the caste ratios (worker/soldier) did not exceed 14:6. Once the number of soldiers reached eight, the survivorship of workers started being to be significantly affected and showed a sharp decrease (p < 0.05). There were no significant differences in the survivorship of the soldiers among the groups 18:2, 14:16, and 12:8 (p > 0.05), and between the group 12:8 and 10:10 (χ2 = 0.606, p = 0.436) (Figure 1). Moreover, although the mortality within group between soldiers and workers in each composition was found to be not significantly different (p > 0.05), the mortality of workers showed a trend of higher than that of a soldier in the group 12:8 and 10:10 (Figure 2). The mono-caste group comprising only soldiers (size = 20) completely died within 3 d post-MA infection (Figure 3).
[image: Figure 1]FIGURE 1 | survival curve of the Metarhizium anisopliae-infected worker (A) and solider (B) Coptotermes formosanus in different compositions of worker and soldier ratio under the fixed group size (n = 20). The numbers in the legend indicate the specific number of workers and soldiers. The p-values were calculated using the Log-rank (Mantel—Cox) test (p < 0.05). Nine biological replicates were performed for each composition.
[image: Figure 2]FIGURE 2 | Mortality rate of the Metarhizium anisopliae −7 d postinfected worker and soldier Coptotermes formosanus in different compositions of worker and soldier ratio under fixed group size (n = 20). The numbers in the abscissa represent the numbers of infected workers and infected soldiers in each group, respectively. Differences between the mortality of the worker and soldier within group were statistically analyzed using the independent Mann–Whitney u-test (p < 0.05). Data represent the mean ± standard error of the mean (SEM).
[image: Figure 3]FIGURE 3 | Mortality of the Metarhizium anisopliae-infected soldier Coptotermes formosanus in the mono-caste group (group size = 20). Data represent the mean ± standard error of the mean (SEM). Differences between the mortality of the infected and control groups were statistically analyzed using the independent Mann–Whitney u-test (p < 0.05). MA, M. anisopliae-infected group; TW, Tween-80-treated control group.
Expression of Immune Genes
Both the antimicrobial peptide genes were significantly (p < 0.05) upregulated in different degrees 3 d and/or 4 d postinfection. Except for the basal expression of the tem gene 4 d posttreatment, both at the basal and immune induction conditions, the expression level of lys and tem in the group with the lowest soldier proportion (18:2) were significantly (p < 0.05) lower than those in the group 16:4 or/and 14:6. Furthermore, 3 d postinfection, the expression of lys showed a significant increasing trend (p < 0.05) with the increase in the number of soldiers (18:2 < 16:4 < 14:6, p < 0.05). The expression of tem 3 d postinfection also showed an increasing trend with the increase in the number of soldiers: there were significant differences between 18:2 and 16:4 groups (p = 0.000), and between 18:2 and 14:6 groups (p = 0.002) were significant. In general, the increase in the proportion of soldiers was found to significantly promote the expression of the immune effectors (tem, lys) of the workers at the basal and immune induction conditions (Figure 4).
[image: Figure 4]FIGURE 4 | Relative transcriptional amount of the two immune genes in the Metarhizium anisopliae-infected worker Coptotermes fomosanus. The termites of the group 18:2 treated with 0.1% Tween-80 solution were used as controls, and the relative expression levels of the specific genes were normalized to that of the reference gene, GADPH. The error bars represent the mean ± SEM. Different letters indicate significant differences among the six sets of data within a time phase (one-way ANOVAs, LSD, p < 0.05). The letters “(A–D)” at the top of the picture represent the identifiers of the four histograms, respectively. tem, termicin; lys, lysozyme; MA, M. anisopliae-infected group; TW, Tween-80-treated control group.
The Phenoloxidase Activity
The activity of phenoloxidase is a reflection of the actual intensity of the individual innate immunity to the termites, therefore, it was assessed. To correspond to the upregulation phase of immune effector genes tem and lys, the tissue phenoloxidase activities of the workers were measured 3 d and 4 d postinfection.
For the FS + M and C, MA was found to be generally upregulated of the phenoloxidase activity 4 d postinfection: there were significant upregulations (comparing to TW 80 control) in the groups 16:4 (p = 0.002) and 14:6 (p = 0.01) of FS, and in group 16:4 (p = 0.000). Three days postinfection, the activity of the phenoloxidase in both the FS + M and C were found to show an increasing trend with the increase in the soldier proportion: the difference between the infected group 18:2 and 14:6 in the FS + M (p = 0.03), and among the groups 18:2, 16:4, and 14:6 in the C (p < 0.05) were significant. Moreover, the basal phenoloxidase activities (TW 80 control) of the cuticle in the 16:4 (p = 0.02) and 14:6 (p = 0.000) groups were also found to be significantly higher than that in the group 18:2 3 d posttreatment. Both 3 d and 4 d posttreatment, the difference in the basal phenoloxidase activities of the FS + M among the groups 18:2, 16:4, and 14:6 were not significant (p > 0.05) (Figure 5).
[image: Figure 5]FIGURE 5 | Phenoloxidase in the foregut/salivary gland + midgut (FS + M) and cuticle (C) of the worker Coptotermes fomosanus. Error bars represent mean ± SEM. Different letters indicate significant differences among the six sets of data (one-way ANOVAs, LSD, p < 0.05). The numbers before and after the colon in the abscissa represent the numbers of workers and soldiers in each group, respectively. The letters “(A–D)” at the top of the picture represent the identifiers of the four histograms respectively. MA, Metarhizium anisopliae-infected group; TW, 0.1% Tween-80-treated control group; FS + M, foregut/salivary gland + midgut; C cuticle (contained hemolymph and fat body).
Efficiency and Caste Preference of Sanitary Care
There was no significant difference in the number of conidia on the exocuticle between the workers and soldiers in the respective groups (p > 0.05), 4 h after exposure to the MA conidia. The increase in the proportion of the soldier had no significant effect on the degree of clearing of the conidia on the cuticle of the workers and soldiers (p > 0.05) when the proportion of the soldier was no more than 50% (Figure 6). When the uninfected workers were involved in the group, the efficiency of clearing the cuticular spores on the infected workers and soldiers was not significantly different (p > 0.05) (Figure 7). The increase in the proportion of soldiers promoted the sanitary speed of the workers, but if the proportion of soldiers exceeded the upper limit of the sanitary speed of the workers, the degree of the clearing was significantly decreased within the observed time (Figures 6, 7).
[image: Figure 6]FIGURE 6 | Attachment and persistence of the Metarhizium anisopliae conidia on the termite cuticle 4 h postinfection. Data represent the mean ± standard error of the mean (SEM). A total of five defined dorsal epicuticle sites of each termite (head, thorax, 2nd, 4th, and 6th of abdominal segments) surface were counted for the attachment of the conidia. The numbers in the abscissa represent the numbers of infected workers and infected soldiers in each group, respectively. The data columns with different colors symbolized the different soldier and worker compositions. Groups consisting only of workers or soldiers were symbolized by the blue. The data column of the solid color block indicated workers, and the hollow data column indicated the soldier. Different letters indicate significant differences among the eight sets of data (one-way ANOVAs, LSD, p < 0.05).
[image: Figure 7]FIGURE 7 | Removal efficiency of the Metarhizium anisopliae conidia on the cuticle by workers post 4 h infection. Data represent the mean ± standard error of the mean (SEM). The numbers in the abscissa represent the numbers of infected workers, uninfected workers, and infected soldiers in each group, respectively. A total of five defined dorsal epicuticle sites of each infected termite (head, thorax, 2nd, 4th, and 6th of abdominal segments) surface were counted for the attachment of conidia. The data columns with different colors symbolized the different soldier and worker compositions. Groups consisting only of workers or soldiers were symbolized by the blue. The data column of the solid color block indicated workers, and the hollow data column indicated the soldier. Different letters indicate the significant differences among the four sets of data (one-way ANOVAs, LSD, p < 0.05).
DISCUSSION
Termites are social insects living with numerous microorganisms in the surrounding. To counteract these potential pathogens, the termites have evolved a social immune defense line comprising individual and colonial immune systems (Cremer, 2019; Liu et al., 2019b). The demographic distributions of the social insects are found to affect the ability of the groups to organize an integral immune defense (Gao et al., 2011; Cremer et al., 2018). This study explored the adaptive response of the group and innate immunity of the C. formosanus workers to the variation in the worker–soldier ratio for the first time.
The termite soldiers are not efficient groomers due to the lack of specialized mandibles, so the survival of the soldiers was found to greatly depend on the sanitary behavior of the workers (Rosengaus et al., 2000; Qi et al., 2012). Here, the attachment of the conidia to the cuticle surface of C. formosanus soldier was found to depend on the workers removing it. Furthermore, there was no significant difference in the efficiency of sanitary care among the nestmates workers compared to the efficiency of the workers performed on the soldiers, irrespective of the involvement of the uninfected workers (Figures 6, 7). These results implied that the uninfected/infected workers of C. formosanus implemented sanitary care to the infected soldiers or their infected nestmate workers with no caste priority. The termites might discriminate the fungal contact nestmates by the fungal characteristics, and then provide sanitary care to the infected individuals (Yanagawa et al., 2011; Yanagawa et al., 2009; Yanagawa et al., 2010; Bulmer et al., 2019); or the infected termites might actively secrete the signal substances, to attract nestmates for cleaning them (Davis et al., 2018). The head glands of the termite soldiers were found to secrete hormones for arresting the workers for feeding or other auxiliary functions (Mitaka et al., 2017b). Based on the existing studies, the major mechanism of this no caste-bias sanitary care remains unexplained. But it was found that although the mono-caste group of soldiers was highly susceptible to M. anisopliae (Figure 3), the survivorships of the soldiers were found to be a not significant difference (p > 0.05) with workers within groups, and even showed higher (p > 0.05) than the survivorship of the worker in group 12:8 and 10:10 (Figures 1, 2). The workers significantly sacrificed their survival when the proportion of soldiers exceeded a threshold for maintaining the survival rate of the soldiers (Figures 1, 3). Social immunity signifies the production of colony-level disease avoidance, resistance, and tolerance (Cremer et al., 2018). Thus, these results suggested that the non-caste priority characteristics of the sanitary care and self-sacrifice performed by the workers are important for protecting the work–soldier ratio in a colony from huge fluctuations caused by pathogens.
Moreover, the social immune system of the social insects comprises both the group behavior immunity and individual innate immunity,and the regulation of these two defense systems is correlated with each other (Cremer, 2019). Termites cannot completely prevent the pathogen infection depending on social behavior alone, especially when the pathogen titer is high (Rosengaus et al., 1998). Once the pathogens have successfully invaded the body cavity of the termite, the subsequent internal infection tends to switch on the individual innate immunity, inducing the upregulation of the immune genes and antifungal activities (Thompson et al., 2003; Rosengaus et al., 2007; Liu et al., 2015; Liu et al., 2019a; Zeng et al., 2016). The survivorships of the workers among the groups 18:2, 16:4, and 14:6 were found to be not significantly different (Figure 1). Corresponding to these groups, the group with a higher proportion of soldiers had a significantly greater degree of upregulation of the immune effectors (lysozyme and termicin) of the workers after pathogenic fungal infection (Figure 4). Lysozyme and termicin belong to the antimicrobial peptides, which help the termites in resisting the pathogenic microorganisms (Fujita et al., 2002; Matsuura et al., 2007; Hamilton and Bulmer, 2012). In addition, three days postinfection, the phenoloxidase activity (including fat body and hemolymph) of C. formosanus showed a significant increase in proportion to the soldier number (Figure 5). The termites can convert the phenolic compounds into quinones by activating the phenoloxidase and inducing the melanization of the pathogen surfaces (Chouvenc et al., 2009b). Combining the results of the survival analysis, it is obvious that the fungus-infected C. formosanus stabilize the group survival in different worker–soldier caste ratio by simultaneously regulating the efficiency of sanitary care and the innate immune level of the workers.
Furthermore, previous studies have indicated that the soldiers and nymphs in combination are important for defending the colony against the pathogens (Rosengaus and Traniello, 2001; Fefferman et al., 2007; Qi et al., 2012). The termite soldiers externally defend the colony by removing or guarding the cadavers away from the population and secreting the defensive chemicals (Tian and Zhou, 2014; Kaji et al., 2016). Generally, the natural ratio of the workers to soldiers in the termite population ranges between 5 and 20% (He et al., 2018). Since the social immune response of termites is limited by the caste function, the natural worker–soldier ratio is likely the result of optimizing the populational immunologic defense ability (Qi et al., 2012; Cremer, 2019). The basal expression (noninfected control) of the antimicrobial peptide genes (Figure 5) and activities of the epidermic phenoloxidase (Figure 6) in the termites were found to be also significantly enriched by an increase in the proportion of the soldiers. The phenoloxidase activity was significantly affected by the nesting and foraging ecologies, constituting a type of immune adaptation to ecology and group living (Rosengaus et al., 2010; Rosengaus and Reichheld, 2016). Thus, the sacrifice of the workers and the non-caste preferential sanitary care of the C. formosanus infected/uninfected workers towards the nestmate-infected workers and soldiers was also a reflection of a type of immune adaptation to socialized survival habit. Alternately, although the adjustment efficiency of sanitary care and innate immune levels of the workers are limited, they impart certain flexibility to the caste distribution of C. formosanus conferring the termites with the ability to adapt to the changes in their living environment, which suggested an immune strategy to maintain the survival of termites at colony-level.
In conclusion, this study investigated the influence of the worker–soldier caste ratio of the termites on the group susceptibility to the pathogenic fungi, efficiency and caste preference of the behavioral immune, and innate immune response. The results from the present study demonstrated that the efficiency of sanitary care of the workers toward the infected nestmate workers and soldiers was not caste-biased. Moreover, the pathogenic fungi could induce the higher efficient sanitary care and innate immunity of the workers in the group with a higher soldier proportion. This adjustable social immunity contributes to the flexibility of the worker–soldier caste distribution in C. formosanus within a certain range. Based on the colony-level disease resistance was found to also reflect the optimization of the caste function differentiation and demographic distribution of the social insects under the pathogen-related derived evolutionary pressure. This study, therefore, provides novel data for uncovering the co-evolutionary mechanism of distributing the social insect demographic functions and determining their immune defense adaptability.
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